INTRODUCTION {#SEC1}
============

Many diseases, such as cancer and neurological pathologies, occur as the result of multiple alterations in genes which are part of crucial cellular pathways.

Up to the present day, drug development has generally been focused on therapeutical targeting of individual genes or gene products. This strategy, however, has proven to be limited because the inhibition of single molecules may not be sufficient to effectively counteract disease progression and often leads to drug resistance with consequent relapse. In light of this evidence, the focus of drug therapy may need to shift from single- to multi-target approaches ([@B1]).

This approach is further justified by the fact that most cancers reflect a dysfunctionality in multiple pathways and an accumulation of new oncogenic mutations as the disease progresses. Thus, a valid strategy can come from targeting multiple genes involved in altered pathways rather than single genes, potentially assuring greater and more durable therapeutic benefits ([@B2]).

RNAi is now emerging as a promising therapeutic approach ([@B3],[@B4]). Selective gene silencing through small interfering RNAs is widely and successfully employed in functional studies and is currently being investigated as a potential tool for the treatment of various diseases, including cancer, skin diseases and viral infections. siRNA, shRNA and their optimized chemical modifications are the active silencing agents and are intended to target single mRNAs in a specific way ([@B5]).

Several ongoing and already completed RNAi-based clinical trials suggest encouraging results ([@B6]). siRNA-mediated cleavage of a target mRNA, with a consequent reduction of protein expression level, was obtained in the first in-human phase I clinical trial in which siRNA were administered systemically to solid cancer patients ([@B4]).

The goal of targeting multiple genes and disrupting complex signaling pathways can be reached by co-expression of multiple siRNA or shRNA which enable multiple target inhibition, along with the targeting of multiple sites on a specific gene ([@B7]).

An important experiment in antiviral therapy research has shown that stable expression of a single shRNA targeting the HIV-1 Nef gene strongly inhibits viral replication, but the shRNA does not maintain such inhibition due to mutation or deletion of the nef target sequence which allows the virus to escape. A delay in virus escape is observed instead in HIV-1 infected cells that were previously transduced with a double shRNA viral vector ([@B8]).

Optimizations for co-expression of siRNA have also been proposed. In a recent work, dual-targeting siRNA with two active strands were specifically designed to target distinct mRNA transcripts with complete complementarity. This resulted in easier RISC entry since only two strands, instead of four, were competing for it ([@B9]).

An alternative approach for targeting multiple genes is suggested by the endogenous microRNA (miRNA) way of action ([@B10]). miRNAs, indeed, are naturally intended to target multiple genes, often in multiple sites, due to the partial complementarity they exhibit to their targets ([@B11]). This strategy would also enjoy the advantage that comes from involving fewer number of molecules.

In light of these considerations, we have developed miR-Synth, a bioinformatics tool available through a web interface for the design of synthetic miRNAs able to target multiple genes in multiple sites. We have validated our system by designing and testing single- and double-target miRNAs for two of the most prominent genes associated with lung cancer, c-MET and EGFR. A scoring function ranks the designed miRNAs according to their predicted repression efficiency.

Our experimental validations of the scoring function show that a downregulation of up to 70% was obtained by top-ranking miRNAs. miR-Synth is available at <http://microrna.osumc.edu/mir-synth>.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture, transfection and chemicals {#SEC2-1}
----------------------------------------

HeLa and HEK-293A cells were seeded and grown in Roswell Park Memorial Institute medium (RPMI) (HEK-293A) or Dulbecco\'s modified Eagle\'s medium (DMEM) (HeLa) with 10% fetal bovine serum (FBS), L-glutamine and antibiotics (Invitrogen, Carlsbad, CA, USA). All the transfections were performed by using Lipofectamine 2000 (Invitrogen) as suggested by the manufacturer. HEK-293A cells transfection for luciferase assay is described below. HeLa cells were cultured to 80% confluence in p60 plates with a serum-free medium without antibiotics, transfected with 100 nmol of artificial miRNA (a-miR) oligonucleotides or negative control and harvested after 48 h.

Western-blot analysis {#SEC2-2}
---------------------

HeLa cells were seeded and grown in DMEM with 10% FBS in six-well plates for 24 h before the transfection. 48 h after transfection, cells were washed with cold phosphate-buffered saline and subjected to lysis in lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 20 g/l SDS, 5 mM dithiothreitol, 10 mM phenylmethylsulfonyl fluoride). Equal amounts of protein lysates (50 mg each) and rainbow molecular weight marker (Bio-Rad Laboratories, Hercules, CA, USA) were separated by 4--20% SDS--PAGE and then electrotransferred to nitrocellulose membranes. The membranes were blocked with a buffer containing 5% non-fat dry milk in Tris-buffered saline with 0.1% Tween-20 for 2 h and incubated overnight with antibodies at 4°C. After a second wash with Tris-buffered saline with 0.1% Tween 20, the membranes were incubated with peroxidase-conjugated secondary antibodies (GE Healthcare, Amersham, Pittsburg, PA, USA) and developed with an enhanced chemiluminescence detection kit (Pierce, Rockford, IL, USA).

Antibody used for western-blot analysis {#SEC2-3}
---------------------------------------

β-Actin (Sigma) was used as a loading control. MET and EGFR antibodies were from Cell Signaling Technologies.

RNA extraction {#SEC2-4}
--------------

Total RNA was extracted with TRIzol solution (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s instructions.

Q-real-time PCR {#SEC2-5}
---------------

For the detection of single-target a-miRs, we performed quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) by using a standard TaqMan PCR Kit protocol on an Applied Biosystem 7900HT Sequence Detection System (Applied Biosystems, Carlsbad, CA, USA). For the TaqMan qRT, the 10 ml PCR reaction included 0.67 ml RT product, 1 ml TaqMan Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA), 0.2 mM TaqMan probe, 1.5 mM forward primer and 0.7 mM reverse primer. The reactions were incubated in a 96-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All reactions ran in triplicate. The threshold cycle (Ct) is defined as the fractional cycle number at which the fluorescence passes the fixed threshold. The comparative Ct method for relative quantization of gene expression (Applied Biosystems, Carlsbad, CA, USA) was used to determine a-miR expression levels. The y-axis represents the relative expression of the different a-miRs (Figures [2c](#F2){ref-type="fig"}, [3c](#F3){ref-type="fig"} and [4c](#F4){ref-type="fig"}). a-miR expression was calculated relative to U44 and U48 rRNA. Experiments were carried out in triplicate for each data point, and data analysis was performed by using software tools (Bio-Rad Laboratories, Hercules, CA, USA).

It was not possible to synthesize TaqMan custom primers for the detection of the a-miRs targeting both EGFR and c-MET so we performed SYBR Green PCR assay. cDNA was obtained from 1 μg of total RNA with miScript II (Qiagen, Venlo, The Netherlands) using random primers. cDNA was then treated with RNase H, in order to remove any residual RNA. For SYBR Green qPCR, amplification of cDNA was performed with SYBR Green PCR kit (Qiagen, Venlo, The Netherlands), and normalized using the 2^−*ΔCt*^ method to U6 rRNA. The y-axis represents the relative expression of the different a-miRs.

Luciferase assay {#SEC2-6}
----------------

We used the luciferase reporter constructs described in other works ([@B12],[@B13]). Mutations in a-miR binding sites in MET and EGFR constructs were introduced by using the QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA, USA). HEK-293A cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), 1.2 mg of pGL3control containing EGFR, MET or MET and EGFR mutants, 200 ng of Renilla luciferase expression construct. After 24 h, cells were lysed and assayed with Dual Luciferase Assay (Promega) according to the manufacturer\'s instructions. Mutagenesis' primers are reported in Supplementary Table S9.

Development of the design tool and web interface {#SEC2-7}
------------------------------------------------

The miR-Synth design tool was written in Ruby v1.9.3. The program uses the external software tools RNAplfold from the Vienna RNA Package v1.8.4 for the computation of the structural accessibility and the statistical package R v3.0.1 for the computation of the conditional inference trees (CTree) score. R is executed from the Ruby script by using the gem rinruby. The M5P weights and scores were computed by using the M5P implementation available in the software tool Weka v3.7.9.

The miR-Synth web interface was developed in Ruby on Rails v2.3.5, a framework based on the MVC (Model-View-Controller) design pattern. All transcript sequence data for the species provided by miR-Synth, along with all user specified data, are collected and maintained in a MySQL database v5.1 running on an Apache server v2.2.15. The queries that the database allows to perform were coded leveraging on the association mechanisms between models that the framework provides. The interface makes use of the jQuery v1.7 technology to improve the usability through a fast and agile client-side update of selections and results.

RESULTS {#SEC3}
=======

The miR-Synth algorithm and the design features {#SEC3-1}
-----------------------------------------------

miR-Synth is a tool for the design of a-miRs for the repression of single or multiple targets. The problem of designing effective a-miRs is strictly connected to the prediction of miRNA binding sites. The main issue is that target prediction tools yield many false positives ([@B14]). Nevertheless, the remarkable progress made in recent years has identified key features to characterize miRNA functional target sites.

We have combined well-established knowledge on miRNA targeting together with siRNA design rules and empirical observations on validated miRNA/target interactions into a pipeline which consists of three steps: (i) identification and filtering of repeated patterns; (ii) design and filtering of a-miR sequences; and (iii) scoring and ranking of the designed a-miRs.

The first step mainly relies on the concept of miRNA seed, which is the 5′ region of the miRNA, centered on nucleotides 2--7 (Figure [1a](#F1){ref-type="fig"}). The miRNA seed is the most conserved portion of metazoan miRNAs and allows the characterization of miRNA families. The seed generally matches complementary, often conserved, canonical sites on the 3′UTRs (UnTranslated Regions) of regulated targets ([@B11],[@B15]). There is evidence that the lack of perfect seed pairing in functional binding sites is, at times, balanced by the presence of centered or 3′ compensatory sites. However, these cases are much less abundant than canonical sites which represent the predominant interaction model associated with greater target repression. Among canonical sites, 7mer-m8 and 8mer sites yield the strongest repression, while 6mer sites are associated with mild to very mild efficacy. In order to achieve a significant repression of the targets, we have chosen to consider only canonical sites, especially favoring 7mer-m8 and 8mer matches.

![(**a**) The four different kinds of canonical miRNA seeds are depicted. They all share a 6mer core (bases 2--7). 7mer-A1 sites feature an A opposite of the first base of the miRNA, 7mer-m8 sites are full 7mers (bases 2--8) and 8mer sites are 7mer-m8 with an A opposite of the first base of the miRNA. (**b**) Input sequences are screened for repeated 6mer/7mer subsequences that will constitute the binding sites for the synthetic miRNA seeds. (**c**) Repeated patterns are used as anchors for the alignment of the binding sites of synthetic miRNAs. miRNAs are designed by maximizing complementarity to the consensus target sequence (see also Supplementary Figure S1). Target bases complementary to miRNA bases are indicated in blue and the seed match is indicated in red. (**d**) The tree generated by the learning system M5P. Six different sets of weights for the six considered features are calculated based on the values of the three discriminant features 'seed type', 'nucleotide composition' and 'AU content'. The white box contains the set of weight G1. See Supplementary Table S1 for the complete list of weight\'s sets. (**e**) The tree generated by the learning system CTree. The system assigns each miRNA to one of four different score classes, based on the values of the discriminant features 'seed type' and 'nucleotide composition'.](gku202fig1){#F1}

In order to estimate the number of human 3′UTR sequences that share at least a common 7nt pattern, we collected gene expression data associated with distinct diseases from the Gene Expression Atlas (GEA) ([@B16]) and focused on the upregulated genes, thus mimicking a plausible scenario for the employment of a-miRs. For each disease, we calculated all the possible combinations of two and three upregulated genes and counted how many of them share at least a 7mer 3′UTR site. We filtered out polyA-signal motifs, homopolymer motifs and sites matching the seeds of endogenous miRNAs. We performed this analysis on all upregulated gene pairs and triplets as detected in 83 different diseases, revealing that 97.3% of pairs and 81.32% of triplets share at least one 7mer site. On average, pairs and triplets shared about 136 and 24 7mer sites, respectively (see Supplementary Section S2 for details and additional analysis). In light of this, and considering cases in which a set of highly similar sequences is chosen for targeting, we decided to set a maximum threshold of eight target sequences that users can provide as input to the system. This limitation makes sense, because eight is already a considerable number of targets, unlikely to be practical in most applications. These sequences are screened for repeated patterns of six or seven nucleotides (depending on user choice), which will constitute the binding sites for a-miR seeds (Figure [1b](#F1){ref-type="fig"}). These sites are then filtered based on user-provided specifications, e.g. a site must appear in multiple copies on the same target and/or it must be present at least once in every target. Moreover, users can also provide a list of sequences that must not be targeted. In this case, the system will remove all the sites that appear at least once in any of the provided sequences (Table [1](#T1){ref-type="table"}).

###### Details about the tested miRNAs

  ----------------------------------------- -------- ------------------------ ----------- ------------------- --------------- -----------------
  **Synthetic miRNAs for c-MET**                                                                                              
  **Rank**                                  **ID**   **Sequence**             **Sites**   **Seed types**      **M5P score**   **CTree score**
  1                                         60       UUUGAAACGGAGGCUGUCUAGA   3           8mer/8mer/8mer      −0.261          −0.225
  2                                         118      UUUAUAAAGUCGAUACGUGUUU   3           8mer/8mer/8mer      −0.260          −0.225
  3                                         181      UUCUUUCUAAGGACGGGGCCGU   2           8mer/8mer           −0.253          −0.225
  4                                         176      UCAGUACAAAACCUUGUGGCUU   2           8mer/8mer           −0.246          −0.225
  **Synthetic miRNAs for EGFR**                                                                                               
  **Rank**                                  **ID**   **Sequence**             **Sites**   **Seed types**      **M5P score**   **CTree score**
  1                                         3        UGUGGCUUCACCUCCUGUAUCG   3           8mer/8mer/7mer-m8   −0.241          −0.225
  2                                         106      UGUGUGACACUGCGUAAGGGGG   2           8mer/8mer           −0.238          −0.225
  3                                         25       CAAAUGCUCGAGAGUCCGAUGU   2           8mer/7mer-m8        −0.229          −0.225
  4                                         83       UAACAAUGCACUGGGGGCCCUG   2           8mer/7mer-m8        −0.228          −0.225
  **Synthetic miRNAs for c-MET and EGFR**                                                                                     
  **Rank**                                  **ID**   **Sequence**             **Sites**   **Seed types**      **M5P score**   **CTree score**
  1                                         141      UUCCAAUUCGAGGGGAGGUGGG   1+1         8mer/8mer           −0.262          −0.225
  2                                         23       UCAAUUUCGGUCCCGAGUUCCA   1+1         8mer/8mer           −0.258          −0.225
  3                                         140      UCCAAUUGGACGGGAGGUGGGU   1+1         8mer/8mer           −0.249          −0.225
  4                                         106      UUUCAUGAGCCCUAGACUGGGG   1+1         8mer/8mer           −0.246          −0.225
  5                                         196      UGAGUUUCUCAGCGACGGACCG   1+1         8mer/8mer           −0.241          −0.225
  6                                         98       UUUCUUAAGCACGCCGUUGGGG   1+1         8mer/8mer           −0.239          −0.225
  ----------------------------------------- -------- ------------------------ ----------- ------------------- --------------- -----------------

More details are given as supplementary information (Supplementary Tables S2--S4).

The second step of the algorithm consists of the actual a-miR sequence design. For each repeated pattern identified in the previous phase an anticomplementary a-miR seed is created. The rest of the sequence is constructed by aligning the seed\'s binding sites and maximizing the match outside the seed region through a sequence profile technique, as depicted in Figure [1c](#F1){ref-type="fig"}. The a-miR sequences thus obtained will be 22 nt long.

The designed a-miRs are then filtered based on their nucleotide composition, combining well-established siRNA design rules with endogenous miRNA features. In particular, sequences with GC content out of the user\'s specified range (23--78% by default) or containing stretches of six or more nucleotides of the same kind are discarded ([@B17],[@B18]). These particular thresholds were chosen according to what has been observed in typical endogenous miRNA nucleotide composition (see Supplementary Section S2).

In this phase users can also choose to discard a-miR sequences sharing a seed with any endogenous miRNA. Moreover, users can enable the prediction of potential off-target genes. A filter allows the removal of those a-miRs whose seed is predicted to bind more than a user-provided maximum number of off-target genes. Alternatively, the user can request the top 10 a-miRs with the smallest number of off-target hits. This is an important feature, since a single a-miR may target even thousands of different genes. This issue will be further discussed in the Validation and Discussion sections. More details about the algorithm and the filters are given as supplementary information (see Supplementary Section S1).

Scoring and ranking of a-miRs {#SEC3-2}
-----------------------------

The third step of the miR-Synth pipeline consists in the evaluation and ranking of the designed a-miRs. We developed a scoring function based on six different features of validated endogenous miRNA/target interactions: seed type, pairing of the miRNA 3′ region, AU content of the binding site and its surrounding regions, miRNA nucleotide composition, structural accessibility of the binding site and presence of ARE (AU Rich Element) and CPE (Cytoplasmic Polyadenylation Element) motifs upstream of the binding sites ([@B15],[@B19]--[@B22]). For any given a-miR, each feature is assigned a score ranging from 0 to 1 and a total repression score is calculated by combining the tree-based multiple linear regression learning system M5P with CTree ([@B23],[@B24]).

We have trained the system on a set of publicly available gene expression profiles following the over-expression of nine individual endogenous miRNAs ([@B15]). In particular, binding sites were predicted for each transfected miRNA on downregulated genes, then feature values were calculated. The gene expression fold change was used as a measure of the degree of repression induced by the miRNA. Thus, lower values mean stronger downregulation of the target. Only transcripts with single binding sites for the transfected miRNAs were considered, in order to reduce the chances of indirect effects.

According to the M5P tree (Figure [1d](#F1){ref-type="fig"}, Supplementary Table S2), the most discriminant features were the nucleotide composition of the miRNA, the type of seed and the AU content of the binding site.

Depending on the values of these three, six different sets of weights were assigned to all of the features. Only the seed type and the nucleotide composition of the miRNA were considered as discriminant features by CTree (Figure [1e](#F1){ref-type="fig"}).

These two methods are used to evaluate the designed a-miRs. In particular, a-miRs are first ranked according to the CTree score and subsequently by the M5P score. CTree splits the a-miRs into major classes, while M5P is used to rank a-miRs within each class.

We validated this scoring function by using a database of experimentally validated human miRNA/target interactions called miRTarBase as a test set ([@B25]). This dataset contains 495 cases of proven direct interactions, 490 cases for which direct binding was not verified and 71 negative cases. We considered 1000 randomly created groups with the same number of proven direct and proven negative cases. For each group, the top 10 interactions, as ranked by our approach, always contained a higher number of true direct interactions compared to sets of 10 cases randomly chosen (*P* \< 0.0001). A more detailed description of the scoring features, classification and validation processes is given as supplementary information (see Supplementary Section S1).

Validation of single-target multi-site a-miRs {#SEC3-3}
---------------------------------------------

Our a-miR design system was validated on c-MET and EGFR, two well-known genes involved in lung cancer. This choice constitutes a good example of beneficial employment of multi-target a-miRs, given the reciprocal and complementary relationship between EGFR and c-MET in acquired resistance to kinase inhibitors in lung cancer, and the necessity of concurrent inhibition of both to further improve patient outcomes ([@B26]).

We designed two different sets of multi-site a-miRs exclusively targeting c-MET and EGFR, respectively. The system returned 111 a-miRs for c-MET and 59 a-miRs for EGFR (Supplementary Tables S6 and S7). For each of the two genes, we focused on the top four a-miRs as ranked by our scoring system (Supplementary Tables S3 and S4). Supplementary Table S1(a) and (b) summarizes the main features of these a-miRs. The eight a-miRs thus taken into consideration had at least two binding sites on their targets, with a predominant presence of 8mer matches. To verify direct targeting, the wild-type 3′UTRs of c-MET and EGFR were cloned into pGL3 control vectors downstream of the luciferase open reading frame. a-miRs for c-MET and EGFR were individually co-transfected with the c-MET and EGFR 3′UTR constructs, respectively, in HEK-293A cells. This resulted in a significant inhibition of the luciferase activity induced by two c-MET a-miRs and three EGFR a-miRs, as compared to the negative control (Figures [2a](#F2){ref-type="fig"} and [3a](#F3){ref-type="fig"}). Moreover, western-blot and qRT-PCR assays showed that over-expression of a-miRs in HeLa cells strongly reduced the endogenous protein and mRNA levels of c-MET and EGFR as compared to control (Figures [2b](#F2){ref-type="fig"} and d and [3b](#F3){ref-type="fig"} and d), in agreement with the luciferase assay results. Expression of transfected a-miRs in HeLa transfected cells was confirmed by qRT-PCR (Figures [2c](#F2){ref-type="fig"} and [3c](#F3){ref-type="fig"}). Among the five functional a-miRs, *a-miR-M-60* and *a-miR-E-3* ranked first and yielded strong downregulation of c-MET and EGFR 3′UTRs luciferase activity, respectively (Figures [2a](#F2){ref-type="fig"} and [3a](#F3){ref-type="fig"}). Hence, as further analysis, we performed mutagenesis of *a-miR-M-60* and *a-miR-E-3* binding sites within the MET and EGFR 3′UTRs, which abolished the ability of these a-miRs to regulate luciferase expression, thus confirming that the binding sites are functional (Figures [2e](#F2){ref-type="fig"} and f and [3e](#F3){ref-type="fig"} and f).

![(**a**) pGL3-MET 3′UTR construct was co-transfected with a-miRs or negative control in HEK-293A cells and luciferase assay was performed (error bars: ± SEM, *P* \< 0.05). (**b**) c-MET expression was assessed by western blot in HeLa cells transfected with a-miRs or negative control and harvested after 72 h. a-miR-M-60 and a-miR-M-176 enforced expression decreases endogenous levels of the c-MET protein. Loading control was obtained by using anti-β-actin antibody. (**c**) qRT-PCR of the transfected a-miRs in HeLa cells. (**d**) qRT-PCR of the c-MET mRNA after a-miRs enforced expression in HeLa cells. (**e**) Representation of the c-MET 3′UTRs binding sites for a-miR-M-60. In the figure, pairing of the seed region of a-miR-M-60 with the three c-MET binding sites is shown. The deleted binding sites are indicated in red. (**f**) c-MET 3′UTR is a target of a-miR-M-60. pGL3-MET luciferase wild-type and mutated constructs were co-transfected with a-miR-M-60 or negative control in HEK-293A cells and luciferase assay was performed (error bars: ± SEM, *P* \< 0.05).](gku202fig2){#F2}

![(**a**) pGL3-EGFR 3′UTR construct was co-transfected with a-miRs or negative control in HEK-293A cells and luciferase assay was performed (error bars: ± SEM, *P* \< 0.05). (**b**) EGFR expression was assessed by western blot in HeLa cells transfected with a-miRs or negative control and harvested after 72 h. a-miR-E-3 and a-miR-E-106 enforced expression decreases endogenous levels of the EGFR protein. Loading control was obtained by using anti-β-actin antibody. (**c**) qRT-PCR of the transfected a-miRs in HeLa cells. (**d**) qRT-PCR of the EGFR mRNA after a-miRs enforced expression in HeLa cells. (**e**) Representation of the EGFR 3′UTRs binding sites for a-miR-E-3. In the figure pairing of the seed region of a-miR-E-3 with the three EGFR binding sites is shown. The deleted binding sites are indicated in red. (**f**) EGFR 3′UTR is target of a-miR-E-3. pGL3-EGFR luciferase wild-type and mutated constructs were co-transfected with a-miR-E-3 or negative control in HEK-293A cells and luciferase assay was performed (error bars: ± SEM, *P* \< 0.05).](gku202fig3){#F3}

Validation of multi-target synthetic a-miRs {#SEC3-4}
-------------------------------------------

We subsequently designed a-miRs intended to target both c-MET and EGFR concurrently. The algorithm returned a total of 125 a-miRs with 7mer-m8/8mer matches on the UTRs of both genes (Supplementary Table S8). We selected the top six a-miRs as ranked by our scoring function (Supplementary Tables S1(c) and S5). All of them had one 8mer binding site on each gene.

To verify multiple direct targeting of c-MET and EGFR, the designed a-miRs were individually co-transfected with both wild-type c-MET and EGFR 3′UTR constructs into HEK-293A cells. *a-miR-ME-196* and *a-miR-ME-141* induced a significant inhibition of the luciferase activity for both constructs, while *a-miR-ME-140* and *a-miR-ME-106* yielded a significant repression of c-MET only, as compared to the negative control (Figure [4a](#F4){ref-type="fig"}). Moreover, over-expression of the a-miRs in HeLa cells induced a strong repression of the endogenous c-MET and EGFR proteins and mRNAs in three cases and a mild downregulation in the three remaining cases, as compared to the control (Figure [4b](#F4){ref-type="fig"} and d). Interestingly, although not all tested a-miRs were functional at the luciferase level, the effects on the endogenous proteins, whose repression represents our primary goal, was much stronger. This could be due to the intrinsic limitations of the luciferase assay, being based on an artificial construct. Nevertheless, out of the six tested a-miRs, *a-miR-ME-196* was chosen for further investigation because of its greater downregulation at both the protein and the luciferase level (Figure [4a](#F4){ref-type="fig"}, b and d). The expression of *a-miR-ME-196* in HeLa transfected cells was confirmed by qRT-PCR (Figure [4c](#F4){ref-type="fig"}). Mutagenesis of the a-miR binding site within the c-MET and EGFR 3′UTRs eliminated its ability to regulate luciferase expression, thus confirming that the binding site is functional (Figure [4e](#F4){ref-type="fig"} and f). In order to further demonstrate the robustness of the miR-Synth scoring function and the additional benefits of incorporating features other than the seed match, we tested the bottom six a-miRs designed for c-MET and EGFR and found that three of these a-miRs yielded a mild repression of EGFR, lower than observed for the best top six a-miRs, and that none of them was able to significantly repress c-MET, despite their good seed matches (7mer/8mer) (Supplementary Figure S2).

![(**a**) pGL3-MET 3′UTR and pGL3-EGFR 3′UTR were co-transfected with a-miRs or negative control in HEK-293A cells and luciferase assay was performed (error bars: ± SEM, *P* \< 0.05). (**b**) EGFR and c-MET expression was assessed by western blot in HeLa cells transfected with a-miRs or negative control and harvested after 72 h. Loading control was obtained using anti-β-actin antibody. (**c**) qRT-PCR of the transfected a-miRs in HeLa. (**d**) qRT-PCR of the c-MET and EGFR mRNA after a-miRs enforced expression in HeLa cells. (**e**) Representation of the c-MET and EGFR 3′UTRs binding sites for a-miR-ME-196. In the figure, pairing of the seed region of a-miR-ME-196 with the c-MET/EGFR binding site is shown. The deleted binding site is indicated in red. (**f**) MET 3′UTR is target of a-miR-ME-196. pGL3-MET luciferase wild-type and mutated constructs were co-transfected with a-miR-ME-196 or negative control in HEK-293A cells and luciferase assay was performed. (**g**) EGFR 3′UTR is a target of a-miR-ME-196. pGL3-EGFR luciferase wild-type and mutated constructs were co-transfected with a-miR-ME-196 or negative control in HEK-293A cells and luciferase assay was performed (error bars: ± SEM, *P* \< 0.05).](gku202fig4){#F4}

On a final note, in order to assess the general applicability of our method, we additionally ran miR-Synth on 14,325 pairs of upregulated genes in eight diseases retrieved from the GEA dataset mentioned above. miR-Synth was able to design at least an a-miR for 95% of pairs and at least six a-miRs for 86.9% of pairs. The feature and global scores of the top six a-miRs from GEA were very comparable to the scores of the validated c-MET/EGFR top six a-miRs. In particular, this held true for features such as AU content and structural accessibility, which solely depend on the target sequence, thus confirming the results obtained with the 7mer analysis described above. However, when we applied the off-target filter, we found that only 43% of gene pairs shared at least a 7mer with no more than 2000 off-target hits, and the percentage dropped to 5.6% when we considered gene pairs sharing a 7mer with no more than 1000 off-targets. This is an intrinsic factor of any a-miR, due to the short length of the seed region, which with no doubt requires proper consideration. Our experiments showed, however, that a perfect seed match is not the only indicator of effectiveness and that other features must be taken into account. In light of all this, our off-target prediction analysis and filters constitute a useful tool to help the user select the best a-miRs. More details are given as supplementary information (see Supplementary Sections S3 and S4).

The miR-Synth web interface {#SEC3-5}
---------------------------

miR-Synth is freely available for academic use through a web interface (<http://microrna.osumc.edu/mir-synth>). Users can provide up to eight UTR sequences or select them from a menu by their name, Refseq accession number or Entrez gene ID. Although the system was trained on human miRNAs, it allows selection of targets from other species as well, such as mouse and rat. Users can either request to design a-miRs simultaneously targeting all of the provided sequences or to include a-miRs targeting subsets of them as well. A list of sequences (or their IDs) that must not be directly targeted by the designed a-miRs can also be provided.

In the available options users can specify the kind of seed matches allowed (6mer and/or 7mer-m8/8mer), the GC% content range (default is 23--78%) and whether the endogenous miRNA filter should be applied. Sequence masks can also be provided, in order to specify portions of the input sequences that should not be targeted. This can be a useful option when the presence of SNPs (Single Nucleotide Polymorphism) or other mutations in the targets could negatively affect a-miR binding ([@B27],[@B28]).

Finally, users can choose to view the list of potential off-target genes, which is obtained through the computation of seed matches on the whole database of UTR sequences from the selected species.

The system is fast. For example, the design of a-miRs for a pair of targets with default parameters takes 30 s at most. However, given the variability in the number of input sequences and the different options that can be selected, which could substantially increase computation time, users are provided with the results page link by e-mail once the computation has completed. For each individual a-miR, details about interaction features and their binding sites are given, including partial and global scores along with the list of off-target genes and the number of their potential binding sites, if requested.

Technical details about the development of the web interface are provided in the online methods.

DISCUSSION {#SEC4}
==========

RNAi constitutes a powerful tool for the regulation of gene expression ([@B29],[@B30]). Recent progress in the development of increasingly efficient carriers for the intracellular delivery of small RNAs, such as nanoparticles and viral systems, has made the establishment of therapeutics based on this promising technology imaginable ([@B31]--[@B33]). Moreover, new strategies for oral delivery of antisense nucleotides and recent findings suggesting that exogenous miRNA, such as those of plant origin, simply introduced through food intake could be active and functional in recipient cells, opens a new scenario in which RNAi could constitute an appealing and concrete therapeutical tool for cancer, viral infections and other diseases caused or progressively maintained by the over-expression of multiple genes ([@B34]--[@B36]).

Although the rules for the design of efficient siRNA and shRNA are nowadays well established, sequence design methodologies can nevertheless be further improved, especially to reduce off-target effects.

siRNAs are designed to regulate specific targets through perfect complementarity, but evidence shows that the presence of one or more perfect matches in 3′UTR sequences with the siRNA seed region is associated with considerable off-target effects and represents a widespread and unintended consequence of siRNA-mediated silencing ([@B37],[@B38]). This phenomenon, which reflects the natural behavior of miRNAs, suggests a possible approach for designing fewer molecules that may reduce the expression of many targets. In fact, our experiments show that a single a-miR may be able to repress at least two unrelated genes at the same time, while it may likely take a pool of different siRNAs/shRNAs to obtain the significant inhibition of a single gene. It is very important to point out that, in principle, there is no difference between a single multi-target a-miR and a single-target siRNA in terms of basic seed-based off-target effects. Any very short nucleotide sequence, such as a 7mer, is likely to appear in a substantial number of UTRs. Unsurprisingly therefore, an *in silico* test confirmed that double-targeting a-miRs are likely to have fewer off-targets than pairs of single-targeting siRNAs (see Supplementary Section S3). This indicates a substantial advantage in the employment of a-miRs in place of siRNAs/shRNAs.

The miR-Synth pipeline allows the rational design of a-miRs by taking multiple factors into consideration. It integrates current knowledge regarding miRNA/target interaction and features simple yet powerful options which allow, for example, to investigate off-target effects and design molecules virtually not affected by SNPs and other polymorphisms.

Future work includes refinement of the design process and further analysis of miRNA/target interactions, in order to better understand the causal connection between the targeting features and the degree of downregulation, and improve the selection of effective molecules.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku202/-/DC1) are available at NAR Online, including \[39--45\].
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